Introduction
Eotaxin was originally described as a potent and selective stimulus for eosinophil leukocytes inducing eosinophil migration in vitro and accumulation in vivo. 1, 2 These effects were shown to be mediated via chemokine receptor 3 (CCR3) that is highly expressed on eosinophils, basophils, and Th2 lymphocytes [3] [4] [5] [6] [7] and, thus, mainly involved in allergic inflammation. 8, 9 Pathologic conditions, especially reactions that are dominated by Th2-type cytokines, were found to induce the expression of eotaxin [10] [11] [12] and MCP-1 in several tissues. [13] [14] [15] It was also reported that eosinophils secrete MCP-1 after stimulation with C5a, suggesting a mechanism for the production of this chemokine in infiltrates elicited by eotaxin. 16 In addition to eosinophils, basophils, and Th2 lymphocytes, which are typically found in allergic inflammations and express CCR3, these infiltrates also contain monocytes that lack CCR3. 17 Starting from the observation that eotaxin elicits changes in intracellular free calcium ([Ca ϩϩ ] i ) and chemotaxis in human blood monocytes, we studied its effects on chemokine receptors known to occur in these cells, namely CCR1, CCR2, CCR5, and CXCR4. In this study, we show that eotaxin binds to CCR2 and CCR5, inducing opposite effects: antagonism on CCR2 and agonistic activities on CCR5. Our data indicate that eotaxin has a wider pathophysiologic role than previously assumed and may regulate monocyte responses during allergic inflammation.
Materials and methods

Reagents
All chemokines were synthesized as described. 18 Monoclonal phycoerythrin (PE)-conjugated anti-CCR2 antibody, secondary antibodies, and isotype-matched immunoglobulins were purchased from R&D Systems (London, United Kingdom). Anti-CCR3 (clone 7B11) 17 and anti-CCR5 (clone 5C7) 19 antibodies were kindly provided by LeukoSite Inc (Cambridge, MA).
Cells
Monocytes (90% to 95% purity with 5% to 10% contaminating lymphocytes) were isolated from buffy coats of donor blood (Central Laboratory of the Swiss Red Cross, Bern, Switzerland) by centrifugation on Ficoll-Paque and Percoll gradients. 20 For some experiments, monocytes were cultured overnight under standard conditions in RPMI 1640 supplemented with 10% fetal calf serum (FCS), 10% nonessential amino acids, 1 mM sodium pyruvate, 0.05 mM ␤-mercaptoethanol, 50 U/mL penicillin, 50 mg/mL streptomycin, and 2 mM glutamine (all from GIBCO BRL, Rockville, MD). The cells were detached from the dishes by incubation for 10 minutes on ice with 10 mM EGTA in phosphate-buffered saline (PBS), followed by 10 minutes at 37°C in 10 mM EDTA, and finally washed twice in PBS.
Murine pre-B 300-19 cells stably expressing human CCR1, CCR2b, or CCR5 were obtained by transfection. The corresponding receptor complementary DNAs (cDNAs) were cloned into the SmaI/XbaI site of Sr␣puro (kindly provided by Dr F. Arenzana-Seisdedos, Institute Pasteur, Paris, France). The cells (5 ϫ 10 6 ) were transfected by electroporation with 20 g cDNA. Positive clones were selected in the presence of 1.5 g/mL puromycin (Sigma, St. Louis, MO) and tested for chemokine responsiveness by monitoring [Ca ϩϩ ] i changes. Expression of CCR2b and CCR5 was also assessed by flow cytometry.
Functional assays
Chemotaxis was assayed in 48-well chambers (Neuro Probe, Cabin John, MD) by using polyvinylpyrrolidone-free polycarbonate Nucleopore membranes with 5 m pores. N-acetyl-␤-D-glucosaminidase release was assayed in monocytes as described previously. 21 [Ca ϩϩ ] i changes were assessed in Fura-2-loaded cells. 22 Receptor desensitization was determined by monitoring [Ca ϩϩ ] i changes in response to sequential stimulation with chemokines at 90-second intervals.
Chemokine receptor expression and internalization
Chemokine receptor expression in freshly isolated or cultured monocytes was analyzed by flow cytometry (FACScan, Becton Dickinson, San Jose, CA). The cells were incubated for 20 minutes with 0.1% human immunoglobulin G (IgG; Sandoglobulin; Novartis, Basel, Switzerland) in FACS buffer (2% FCS, 0.1% sodium azide in PBS), washed with FACS buffer, and then incubated for 30 minutes in FACS buffer with PE-conjugated anti-CCR2b, or anti-CCR3 or anti-CCR5, followed by a PE-conjugated goat antimouse antibody. Isotype-matched immunoglobulins were used as control. For determination of chemokine-induced receptor internalization, the cells were incubated for 45 minutes at 37°C with 1 M eotaxin, MCP-1, or RANTES in FACS buffer without sodium azide before staining. Controls were performed under the same conditions at 4°C. The chemokines used did not affect antibody binding to the receptors.
Receptor binding
MCP-1 was iodinated with the Bolton Hunter reagent (Amersham Pharmacia Biotech, Uppsala, Sweden) according to the manufacturer's instructions. For competition binding studies, freshly isolated monocytes or CCR2b-transfected cells (4 ϫ 10 6 ) in 120 L RPMI-1640 containing 20 mM HEPES, 1% bovine serum albumin (BSA), pH 7.1 were incubated on ice for 90 minutes with 0.8 nM 125 I-MCP-1 in the presence of increasing concentrations of unlabeled MCP-1 or eotaxin. The cells were then pelleted by centrifugation through 6% BSA in PBS, and the cell-bound radioactivity was determined by gamma-counting. The data were analyzed with PRISM software (GraphPad Software, San Diego, CA), using nonlinear regression in a one-binding-site model.
Results
Eotaxin acts on human monocytes
As shown in Figure 1 , eotaxin induced [Ca ϩϩ ] i changes in human monocytes. Responses were significant at concentrations of 300 nM or higher. After pretreatment with eotaxin, monocytes showed a decreased responsiveness to MCP-1, RANTES, and MIP-1␤ ( Figure 1A ), suggesting that eotaxin interacts with CCR2, the receptor for MCP-1, and with CCR5 that binds RANTES and MIP-1␤. Flow cytometric analysis of our preparations confirmed former evidence by Heath et al 17 that monocytes do not express CCR3, the eotaxin receptor (data not shown). Figure 1B For personal use only. at PENN STATE UNIVERSITY on February 21, 2013. bloodjournal.hematologylibrary.org From
Eotaxin-induced receptor internalization
Chemokines with agonistic activity, in contrast to antagonists, induce the internalization of their receptors. The surface expression of CCR2 and CCR5 was determined on monocytes by flow cytometry before and after treatment with 1 M eotaxin. As shown in Figure 3 , eotaxin markedly decreased the level of CCR5 but did not influence the level of CCR2. Eotaxin-dependent CCR5 internalization was obtained in monocytes that were cultured overnight to enhance CCR5 expression prior to the experiment. The uptake of CCR5 but not of CCR2 was also observed when pre-B-cell transfectants expressing one or the other receptor were treated with eotaxin, whereas the total amount of each receptor detected by a combined intracellular and surface staining remained unchanged (data not shown). Together, these findings support the suggestion that eotaxin is an antagonist for CCR2 and an agonist for CCR5.
Eotaxin is a CCR2 antagonist
The effects of eotaxin were further explored by receptor binding and functional studies. Eotaxin competed for the binding of 125 I-MCP-1 on monocytes and CCR2b-transfected cells (Figure 4) . The ligand displacement curves were parallel to those obtained with unlabeled MCP-1, but the affinity of eotaxin was about 2 orders of magnitude lower than that of the CCR2 selective agonist. This difference is in agreement with the moderate potency of eotaxin as inhibitor of [Ca ϩϩ ] i mobilization induced by MCP-1. Migration and enzyme release assays were performed to assess The cells were stimulated sequentially with different chemokines, and changes of intracellular free calcium ([Ca ϩϩ ]i) were monitored as shown in Figures 1 and 2 . The rate of the [Ca ϩϩ ]i rises in the absence of stimulation was set to 100%, and the percentage rate obtained after prestimulation was calculated. further the effects of eotaxin on monocyte functions. Pretreatment of monocytes with eotaxin inhibited MCP-1-elicited chemotaxis and N-acetyl-␤-D-glucosaminidase release in a concentrationdependent manner with half-maximal effects between 100 and 300 nM ( Figure 5 ). In agreement with the former evidence, eotaxin was devoid of agonistic activity. The competition for MCP-1 binding and the inhibition of MCP-1-induced responses, which were obtained in a similar concentration range, indicate again that eotaxin is a CCR2 antagonist.
Discussion
In this study, we show that eotaxin, a presumed selective agonist for CCR3, acts as a competitive antagonist on CCR2 and as an agonist on CCR5. The apparent affinity of eotaxin to both receptors is moderate (ie, up to 2 orders of magnitude less than its affinity to CCR3). Both effects, however, are concentration dependent, and the antagonism toward CCR2 is sufficient to reduce the main functional responses of monocytes, chemotaxis and enzyme release to minimal levels. Our observation that eotaxin stimulates CCR5-bearing cells is in agreement with recently reported data by Blanpain et al 23 on transfected cells, showing that eotaxin binds to CCR5. Binding or activities of eotaxin on CCR2 have not been reported before.
The present results indicate that eotaxin has potential activities beyond the recruitment of cells expressing CCR3, namely eosinophils, 3, 4 Th2 lymphocytes, 6, 7 and possibly basophils 5 to sites of allergic inflammation and certain parasitic infestations. Eotaxin was originally considered a major mediator of pathology in allergic conditions and a prime target for therapeutic intervention. 8 However, it was found that the so-called eotaxin receptor, CCR3, recognizes a large number of CC chemokines including MCP-2, MCP-3, MCP-4, RANTES, eotaxin-2, and eotaxin-3, 24 and we now show that eotaxin also binds, albeit with lower affinity, to CCR2 and CCR5. Inhibition of the interaction of eotaxin with CCR3 was considered as a promising therapeutic strategy for allergic reactions. Despite the present evidence for interaction of eotaxin with other chemokine receptors, blockade of CCR3 still appears a worthy goal of therapy.
CCR2 and CCR5, like CCR3, are receptors for inflammatory chemokines. They are both expressed on monocytes, macrophages, and interleukin 2-activated T lymphocytes, and CCR2 is additionally found on basophils. Ligands that activate CCR2 (ie, MCP-1, MCP-2, MCP-3, and MCP-4) have been characterized as major stimuli for release of enzymes by monocytes and natural killer cells 21, 25 and of histamine and leukotrienes by basophils. 5 Owing to its antagonistic function on CCR2, eotaxin inhibits the release of inflammatory enzymes and possibly leukotrienes and histamine and thus displays anti-inflammatory effects. In this perspective eotaxin can be regarded as a chemokine with a dual activity in chemokine-driven inflammation. 
